Triptolide (TPL) is a diterpenoid triepoxide derived from the Chinese herb Tripterygium wilfordii and possesses anti-tumor activity against a range of cancer cells. However, the effect of TPL on prostate cancer cells and its potential to overcome multidrug resistance (MDR) have not been explored. Therefore, in this study we used prostate cancer cell line DU145 as the experimental model and established DU145/ADM cell line resistant to adriamycin (ADM). Our results showed that TPL inhibited the proliferation and induced the cell cycle arrest and apoptosis of DU145 cells in a dose and time dependent manner. TPL decreased the levels of Cyclin D1 and anti-apoptotic protein Bcl-2, and increased the levels of pro-apoptotic proteins Fas and Bax. Furthermore, we found that TPL restored the sensitivity DU145/ADM cells to ADM in a dose dependent manner, and this was accompanied by the inhibition of MDR1 expression at both mRNA and protein levels. Taken together, these results provide strong evidence that TPL overcomes MDR in prostate cancer cells by downregulating MDR1 expression, and suggest that TPL is a promising agent for prostate cancer therapy, especially for chemoresistant prostate cancer.
Prostate cancer is a form of malignancy that frequently develops in older males and is one of the leading causes of cancer death in men. Recently, great progress has been made in the prevention, detection and prognosis of patients with prostate cancer [1] [2] [3] [4] .
However, prostate cancer is known to exhibit the ability to metastasize to other parts of the body, particularly the bones, and develop resistance to chemotherapy. Therefore, the effective treatment for prostate cancer is still a challenge in the clinic.
Multidrug resistance (MDR) is a common mechanism for tumor cells to overcome the cytotoxicity of a broad spectrum of anticancer agents, and remains a major obstacle to cancer chemotherapy. P-glycoprotein, also known as multidrug resistance protein 1 (MDR1), is encoded by mdr1 gene and plays important role in MDR [5, 6] . Accumulating evidence has suggested that MDR1 is a potential target to overcome MDR and increase the sensitivity of tumor cells to chemotherapy. Interestingly, phytochemicals derived from Chinese herbs emerged as new candidates of P-glycoprotein inhibitors and showed promise in cancer therapy to overcome MDR [7] .
Triptolide (TPL) is a diterpenoid triepoxide extracted from the Chinese herb Tripterygium wilfordii Hook f. which has been used for centuries as Chinese traditional herbal remedies for autoimmune and inflammatory diseases [8] . Recent studies have shown that TPL possesses anti-tumor activity by inhibiting the proliferation and inducing the apoptosis in a variety of cancer cells including prostate cancer cells [9] [10] [11] [12] . However, the effect of TPL on drug-resistant prostate cancer cells and its potential to overcome MDR have not been explored. Therefore, in this study we used prostate cancer cell line DU145 as the experimental model and established DU145/ADM cell line resistant to adriamycin (ADM). We examined the effects of TPL on the proliferation and apoptosis of DU145 cells, and MDR in DU145/ADM cells.
Materials and methods
Cells and cell culture. The human prostate cancer cell line DU145 was obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal calf serum (Hyclone, USA) at 37ºC in a humidified incubator with 5% CO 2 .
Establishment of ADM resistant cell line DU145/ADM DU145/ADM cell line resistant to adriamycin was established as follows. Briefly, DU145 cells in the exponential phase of growth were exposed to adriamycin (Zhejiang Hisun Pharmaceutical, Hangzhou, China) at the concentration of 50 ng/ml for 1 month. The adriamycin-resistant DU145/ADM cell line was established three months after the drug treatment was initiated and then maintained in a drug-free medium and subcultured for at least 3 times.
MTT assay. MTT assay was performed to examine cell proliferation using a method described previously [13] . Briefly, DU145 or DU145/ADM cells were incubated in 96-well plates at the density of 2x10 4 cells/well and treated with different concentrations of TPL (Chengdu Biopurity Phytochemicals, Chengdu, China) for different time. The inhibition of cell proliferation was calculated as follows: Inhibition ratio= (mean OD of control-mean OD of experiment)/mean OD of control x 100%. IC 50 was calculated with Prism GraphPad 6.0.
Cell cycle and apoptosis analysis. Flow cytometry analysis was performed to assess the cell cycle phase distribution and apoptosis. DU145 cells were incubated in 6-well plates at the density of 5x10 5 cells/well and treated with different concentrations of TPL for different time. The cells were harvested and fixed in 70% ethanol overnight. Next the cells were washed with PBS, resuspended in PBS and treated with RNase A (100 mg/ml PBS) at 37°C for 30 min. Then the cells were resuspended in propidium iodide (50 mg/ml PBS) and stained at room temperature for 30 min. The samples were analyzed using FACSort flow cytometry (Beckman Coulter) within 1 h after staining. The data were analyzed using Cell Quest software. Each experiment was repeated three times.
RT-PCR. DU145 or DU145/ADM cells were seeded in 6-well plates and cultured overnight. The cells were then treated with TPL at different concentrations (20, 40 , 80 ng/ml) for 72 h, washed twice with ice-cold PBS. Total RNA was extracted from the cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. cDNA was prepared using M-MLV reverse transcriptase (Promega, Madison, WI, USA). PCR primers for MDR1 and β-actin were as follows: MDR1, sense 5'-AGA AGG TTC TGG GAA GA TCGC-3' , antisense 5'-ATG TCC TTT TCC AGC ACC TC-3' , product size 286 bp; β-actin, sense 5'-TGT TTG AGA CCT TCA ACA CCC-3' , antisense 5'-AGC ACT GTG TTG GCG TAC AG-3' , product size 529 bp. PCR reaction was performed using the EX Tag (TaKaRa, Dalian, China Japan) and the conditions were: denaturation at 98°C for 10 s, annealing at 55°C for 30 s, and elongation at 72°C for 1 min. PCR products were visualized by electrophoresis on 1.2% agarose gel stained with ethidium bromide. Image was obtained by the BIO-RAD Gel Doc and analyzed with Gel-Pro Analyzer 4.5.
Western blot analysis. DU145 or DU145/ADM cells were seeded in 6-well plates and cultured overnight. The cells were then treated with TPL at different concentrations (20, 40, 80ng/ml) for 72 h, washed twice with ice-cold PBS. Lysate was extracted from the cells using RIPA Lysis Buffer and the protein concentration of the lyaste was measured using a BCA Protein Assay Kit (Pierce, USA). Equal amount of lysate (50 ug protein) was separated by 12% SDS-PAGE and transferred onto PVDF membranes (Pierce, USA). The membranes were blocked with 5% nonfat milk for 1 h at room temperature and incubated overnight at 4°C with primary antibodies against MDR1, Cyclin D1, Bcl-2, Bax, Fas, cleaved Caspase-3 or β-actin (Santa Cruz, USA). The membranes were washed 3 times for 15 min in TBS containing 0.05% Tween-20, and then incubated with horseradish peroxidase conjugated secondary antibodies (Santa Cruz, USA) at room temperature for 1 h. Positive immunereactions were detected using Super Signal West Pico Chemiluminescent Substrate (Thermo, USA) and exposed to X-ray films.
Statistical analysis. Data were expressed as the mean±SD and analyzed using the SPSS version 12 statistical analysis package (SPSS Inc., Chicago, IL, USA). P<0.05 was accepted as statistically significant.
Results

TPL inhibits the proliferation and induces the apoptosis of DU145 cells.
First we examined the effects of TPL on the proliferation and apoptosis of prostate cancer cells. We treated DU145 cells with different concentrations of TPL (20, 40 , 80 ng/ml) for 24 h, 48 h, or 72 h and performed MTT assay. The results showed that TPL inhibited the proliferation of DU145 cells in a dose and time dependent manner (Fig. 1) . The IC50 of TPL for DU145 cells at 24 h, 48 h and 72 h were 40, 27 and 17 nmol/L, respectively. Since TPL exhibited the most significant inhibitory effects on DU145 cell proliferation Next we performed flow cytometry analysis to examine the apoptosis of DU145 cells treated by TPL. Flow cytometry analysis showed that TPL induced the apoptosis of DU145 cells in a dose dependent manner at 72 h (Fig. 2) . The apoptosis rate of DU145 cells after treatment with 0, 20, 40, and 80 ng/ml TPL was 6.3±0.97%, 26.7±1.08%, 29.0±1.21% and 41.6±1.66%, respectively, and the differences in apoptosis rate between control and TPL treated cells were significant (p< 0.05).
We further examined the cell cycle phase distribution of DU145 cells after treatment with 0, 20, 40, and 80 ng/ml TPL for 72 h. Flow cytometry analysis showed that TPL induced S phase arrest in DU145 cells in a dose dependent manner (Fig.  3) . Collectively, these data suggest that TPL inhibits prostate cancer cell growth by inducing S phase arrest and apoptosis.
TPL modulates the expression of cell cycle and apoptosis associated proteins in DU145 cells. To explore the molecular mechanism by which TPL induces the cell cycle arrest and apoptosis of DU145 cells, DU145 cells were treated with 20, 40, or 80 ng/ml TPL for 72 h and subjected to Western blot analysis. The results showed that TPL decreased the protein level of cyclin D1. For apoptosis associated proteins, TPL increased the protein level of Fas and Bax, and decreased the protein level of Bcl-2. In addition, the protein level of cleaved Caspase-3 was increased after TPL treatment, indicating increased apoptosis (Fig. 4) . Taken together, these results suggest that TPL modulates the expression of cell cycle and apoptosis associated proteins to regulate cell cycle and apoptosis of prostate cancer cells.
TPL overcomes MDR in DU145/ADM cells. To investigate the effects of TPL on MDR, we treated DU145/ADM cells with 20, 40, or 80 ng/ml TPL together with 10, 20, 30, 40 or 50 ng/ml ADM for 72 h simultaneously. The results demonstrated that TPL increased the sensitivity of DU145/ADM cells to ADM induced cell proliferation inhibition in a dose and time dependent manner (Fig. 5) . These data suggest that TPL may overcome MDR in prostate cancer cells.
TPL inhibits MDR1 expression in DU145/ADM cells. To elucidate the molecular mechanisms by which TPL overcomes MDR in prostate cancer, we examined the expression of MDR1 in DU145/ADM cells. As expected, RT-PCR and Western blot analysis showed that the expression of MDR1 at both mRNA and protein levels in drug resistant DU145/ADM cells was much higher than in DU145 cells (Fig. 6) . However, when DU145/ADM cells were treated with TPL for 72 h, the expres- sion of MDR1 at both mRNA and protein levels was decreased in a dose dependent manner (Fig. 6 ). Taken together, these results indicate that MDR1 overexpression contributes to MDR in prostate cancer cells and TPL overcomes MDR in prostate cancer cells by inhibiting the expression of MDR1.
Discussion
Chemotherapy has been widely used for the treatment of cancer and encouraging results have been achieved in some circumstances [13] [14] [15] . However, MDR has become one of the major problems for the effective treatment of tumors with chemotherapeutic agents, which is mainly resulted from the expression of transporters that remove the chemotherapeutic agents from the cytoplasm. In particular, the transporter P-glycoprotein encoded by the multidrug resistance 1 gene mdr1 is one of the most important mechanisms that contribute to MDR [5, 6] . Interestingly, phytochemicals derived from Chinese herbs have shown promise in overcoming MDR in cancer therapy [7] . In this study, we first investigated the effects of TPL on prostate cancer cell proliferation and apoptosis. Our results showed that TPL inhibits the proliferation and induces the apoptosis of DU145 cells, consistent with previous studies which showed that TPL possesses anti-tumor activity by inhibiting the proliferation and inducing the apoptosis in cancer cells [9] [10] [11] [12] . Flow cytometry analysis showed that TPL induced S phase arrest in DU145 cells in a dose dependent manner. Thus we propose that TPL inhibits prostate cancer cell growth by inducing S phase arrest and apoptosis.
Next we examined the effects of TPL on the expression of cell cycle and apoptosis associated proteins in DU145 cells. Our results showed that TPL decreased the protein level of Cyclin D1. Cyclin D1 serves as an active switch in the regulation of cell cycle and increased cyclin D1 synthesis would promote continued cell cycle progression [16] . As expected, reduced intracellular cyclin D1 level after TPL treatment would hinder the cell cycle progression and lead to S phase arrest in DU145 cells. On the other hand, our results showed that TPL increased the levels of pro-apoptotic proteins such as Fas and Bax, and decreased the level of anti-apoptotic protein Bcl-2. The cleavage of pro-Caspase-3 is a marker of the execution of apoptosis [17] . Our finding that TPL increased the level of cleaved Caspase-3 serves as additional evidence that TPL modulates the expression of apoptosis associated proteins to promote the apoptosis of prostate cancer cells.
Finally, we established drug resistant DU145/ADM cells by treating parent DU145 cells with ADM. We found that after TPL treatment, DU145/ADM cells recovered the sensitivity to ADM treatment in a dose dependent manner, and this was accompanied by decreased MDR1 expression at both mRNA and protein levels. Taken together, these results provide strong evidence that TPL overcomes MDR in prostate cancer cells by downregulating the expression of MDR1. In fact, TPL was shown to decrease the expression of MDR in KB cancer cells [18] . Furthermore, TPL was capable of inhibiting the transcriptional activity of MDR1 promoter, and thus reversed adriamycin resistance in leukemia cells via modulation of P-glycoprotein expression [19] . A recent study reported that perifosine, a new Akt inhibitor, could reverse MDR partially via the downregulation of MDR1 expression in MCF-7/ADM breast cancer cells [20] . Notably, TPL exhibited the ability to inactivate Akt in cancer cells [21] . Therefore, we postulate that TPL may inhibit PI3K/Akt pathway to downregulate MDR1 expression. Further studies are needed to elucidate the molecular mechanisms by which TPL suppresses the expression of MDR1.
Interestingly, a previous study showed that the monoterpenoids extracted from the essential oil of Zanthoxyli fructus could inhibit P-gp (MDR1) directly [22] . TPL is a diterpenoid triepoxide extracted from the herb Tripterygium wilfordii and has a molecular structure similar to the monoterpenoids. Therefore, it remains to be determined whether TPL has the ability to inhibit the function of MDR1, which would provide new insight into the action of TPL to overcome MDR in cancer cells.
In conclusion, our data demonstrate that TPL inhibits the proliferation and induces the apoptosis of prostate cancer cells. Most importantly, TPL could reverse MDR1 mediated MDR in ADM resistant prostate cancer cells via the downregulation of MDR1 expression. These results suggest that TPL is a promising agent for prostate cancer therapy, especially for chemoresistant prostate cancer.
